The surface chemical composition and pyroelectric properties in polypropylene (PP) film poled by corona discharge in the air were estimated by Fourier transform infrared spectrophotometry (FTIR), gel permeation chromatography (GPC), differential scanning calorimetry (DSC), thermally stimulated depolarization current (TSDC), and pyroelectricity measurement. The corona discharge oxidized the PP chains at the surface into oligomers bearing C=O, C-O and COH groups, and formed hetero charge, and counter homo charge absorbed strongly on the surface. The pyroelectricity and surface potential were undetected after removing the polymer surface with solvent or scratching. TSDC curves indicated that the both homo and hetero charges were stable below the melting point of the oligomers. The stabilization mechanism of surface potential was investigated from the electric behavior and the chemical structure of poled PP films.
INTRODUCTION
THE surface polarization of film electrets can induce both same and opposite charge as the previously applied electric field, and the former and the latter are called as "homo charge" and "hetero charge", respectively. While the homo charge is generally assigned to true charge injected from the film surfaces, the hetero charge is identified with the formation or orientation of dipoles or the extraction of opposite excess charge in the whole region of the film. There have been many researches on the electrets with both home and hetero charges [1] [2] [3] [4] , although little attention was paid to the change of chemical structure inducing the electric charges.
Corona discharge is a powerful technique to modify the surface properties to create polymer electrets [5] . The electric discharge of corona is obtained under atmospheric pressure between two electrodes applied high dc voltage. The generated electric field excites gas molecules, and dissociates a part of them, which react with polymer molecules, induce the cleavage of chemical bonds and the formation of polar groups. Sellin et al. [6] treated the surface of PP with corona discharge, and investigated its chemical structure by Fourier transform infrared spectrophotometry (FTIR). They confirmed the presence of COH, C=O, and C-O groups on the surface, and proposed the reaction scheme during the corona discharge process as shown in Figure 1 . It is now widely assumed that the surface oxidation process of PP induced by the corona discharge under air initiated by free radical reactions [7] .
In recent researches, Lowkis et al [8] and Nifuku et al [9] observed strong homo charge polarization in PP foam electrets, and argued that PP treated with corona discharge owe its good piezo-and pyroelectric behavior to this homo charge.
However, the contribution of hetero charge polarization induced by the orientation of polar groups at the surface of the PP films to the piezo-and pyroelectric behavior were also pointed out by Sellin et al [6] In this study, the corona poling was carried out for the high and low crystalline PP films. The chemical structure and surface potential of the poled PP films were investigated by FTIR, thermally stimulated depolarization current (TSDC), pyroelectricity, differential scanning calorimetry (DSC), and gel permeation chromatography (GPC).
EXPERIMENTAL

MATERIALS AND SURFACE TREATMENTS
Two pellet samples of PP with different crystallinity were employed in this study. The sample with high crystallinity (HCPP) was BI750 manufactured by Samsung Atofina with the melting temperature of 165 °C, and the sample with low crystallinity (LCPP) was UBETAC manufactured by Ube Industries with the melting temperature of 100 °C. The pellets were pressed into films with the thickness of 10-30 μm at 180 °C. To enhance the surface oxidation of samples, plasma treatment was performed to the PP films by dc discharge (air plasma) under 1.3 Pa (10 -2 Torr).
Poling was conducted by corona discharge in twoelectrode system of grounded plate electrode and corona electrode needle at 25-80 °C under air or nitrogen gas. The voltage of the corona electrode was ±5 kV, and the distance between the electrodes was 8 mm. Electrical measurements except for the surface potential measurement were carried out for the samples metalized both sides by aluminum evaporation.
MEASUREMENTS AND CHARACTERIZATION
The surface potential of the poled samples was measured with an electrostatic voltmeter (Model 344 of Trek). Both the pyroelectricity and TSDC were measured for corona poled PP films to distinguish the dipole and space charge polarization. The reversible pyroelectric response and TSDC for poled samples were recorded simultaneously from the current with 614 electrometer of Keithley Instruments through the electrode irradiated by a pulse semiconductor laser (670 nm, 3 mW, 10 Hz) by heating at 4 °C min -1 . The absolute value of the pyroelectric constant was determined from the reversible TSDC by heating and cooling near room temperature. The decay of the surface charge of poled samples was also monitored for 20 days.
While PP films without any electric treatments were insoluble to tetrahydrofuran (THF), the surface of the poled PP films can be dissolved into THF. The poled films were washed with THF to measure the weight loss by removing the oxidized layer of the films formed by the poling. The thickness of the oxidized layer was estimated from the weight loss and the density of PP (0.95 g cm -3 ).
The molecular weight calibrated with standard polystyrene samples of the components extracted with THF was determined with GPC-8020 system of Toso using THF as eluent.
In order to analyze the change of the chemical structure of PP films induced by corona treatment, FTIR was carried out with FTIR-8900 of Shimadzu with a resolution of 4 cm -1 and 32 scans for a sample. The melting temperatures of the original sample and the component extracted with THF of HCPP were determined with DSC-60 system of Shimadzu. The samples were first cooled with liquid nitrogen, and heated from -50 °C to 160 °C at the rate of 20 °C/min.
RESULTS
SURFACE POTENTIAL OF OXIDATION LAYER
BY CORONA DISCHARGING Figure 2 shows the decay of the surface potential for HCPP films. The absolute values of the surface potential of films poled by plasma (positive), positive and negative corona reached almost constant values after 5 days. The surface potentials of the films poled by plasma, positive and negative corona were 750 V, 330 V, and -480 V, respectively, 20 days after poling. Although the absolute values of the surface potential of the films poled both by positive and negative corona was so high, the former was a little smaller than the latter. Figures 3-5 indicate the temperature dependence of TSDC and pyroelectricity of HCPP 20 days after the poling with different conditions. All the curves in Figures 3-5 had two peaks at 80-100 °C (hetero charge) and 120-140 °C (homo charge) with the opposite sign, which indicate that there were different relaxation modes for hetero and homo charges. Figure 6 shows the temperature dependence of TSDC and pyroelectricity of LCPP 20 days after negative corona poling. The absolute values of TSDC and pyroelectricity of LCPP were 10 times smaller than those HCPP poled at the same condition ( Figure 5 ), although the temperature dependence of TSDC and pyroelectricity of LCPP was essentially same as that of HCPP. Table 1 summarizes the surface potential of PP films 20 days after poling at different conditions. Table 1 also indicates the lower surface potential of LCPP than that of HCPP. The reduction of the surface potential was observed when the poling process was conducted under nitrogen gas instead of the air. This shows that oxygen is required for the formation of the surface layer as shown in Figure 1 . The surface potentials of HCPP and LCPP films after washed with THF are also indicated in Table 1 . Both the surface potential and pyroelectricity of LCPP were undetectable after washing with THF or mechanically scratching out the surface. The decrease of the surface potential was also detected for HCPP films, although the measured value scattered.
The thickness of the oxidized layer of PP films poled at different conditions was calculated from the weight loss by washing the films with THF and the density of PP as shown in Figure 7 . The oxidized layers were thickened in all the films by increasing the charging time. The oxidized layers of HCPP films were thicker than those of LCPP, and negative charge induced thicker layers than positive charge. The tendency of the thickness of the oxidized layers well agreed with the absolute values of the surface potential shown in Figures 2-6 Figure 8 shows the FTIR spectra of HCPP films of the untreated (a), 5 s corona treated (b), 30 s corona treated (c), and the extraction with THF (d). The absorption bands appeared at 3600-3200 cm -1 and 1720-1645 cm -1 in the spectrum (d) and small bands can be detected in the spectra (b) and (c). The former band was assigned as the stretching band of alcohol groups (O-H) forming hydrogen bonds, and the latter bands were caused by the stretching of carbonyl groups (C=O) of carboxyl groups (COOH) and C=O groups adjacent to olefinic double bonds or enolic C=O groups in the treated films. Figure 9 illustrates the DSC curves of HCPP without any electric treatment (a) and the extract from the corona poled HCPP film with THF (b). While the DSC curve of HCPP without any electric treatment had only single sharp endothermic peak at 165 °C, there were two broad peaks at 80 and 140 °C in the DSC curves of the extract from the corona poled HCPP film. As the peak temperatures in Figure 9 are roughly correspond with those of TSDC and pyroelectricity of poled PP films (Figures 3-6 ), the relaxations of TSDC and pyroelectricity of poled PP films may be dominated by the stability of the surface region of HCPP, which can be dissolved in THF.
CHARACTERIZATION OF THE OXIDIZED LAYERS
The weight average molecular weight of the extract from the corona poled HCPP film with THF was estimated to be 246 using a calibration curve determined with standard polystyrene. This value of weight average molecular weight indicates that the HCPP in the surface layer created by the oxidization of poling was decomposed into oligomers with the degree of polymerization less than 10.
DISCUSSION
The results described above indicate that electric treatments under the existence of oxygen formed oxidized layers at the surface of PP films. The PP molecules in the oxidized layers were decomposed into oligomers with polar groups such as -OH and -C=O, and can be dissolved in THF. The absolute values of surface charge were higher for the films with thicker oxidized layers. It should also be noted that the PP films with higher crystallinity had higher absolute values of surface charge and thicker oxidized layers.
The temperature dependence of TSDC and pyroelectricity had the peak of hetero charge at 80-100 °C, and that of homo charge at 120-140 °C, which indicates the existence of two different relaxation modes in TSDC and pyroelectricity. From the experimental results, we suppose the charge distribution as shown in the schematic image of Figure  10 . The two peaks in the temperature dependence curves of TSDC and pyroelectricity in PP films indicate that the electric charges are trapped in two localized states [11] . As shown in Figure 2 , the surface home charge decreased rapidly 1-5 days after poling, but remained constant values 5-20 days after poling. This time dependence requires the coexistence of electric charge diminished easily and that stabilized at least 20 days.
Yovcheva et al [12] carried out corona poling to PP films in the air, and detected the formation of cations such as (H 2 O) n H + and (H 2 O) n NO + , and anions such as CO 3-and CO 3-(H 2 O) n . The surface space charge which decreased rapidly 1-5 days may be the true charge of these ion species.
The experimental results strongly suggest that the stabilizing mechanism of the surface charge related to the surface oxidized layers which can be dissolved in THF. Whereas PP without any electric treatments is non-polar polymer, poled PP films had dipole moments caused by the polar groups detected by FTIR. Taking the result that the PP films with higher crystallinity had higher values of the absolute values of surface charge and thicker oxidized layers, it is inferred that the dipole moments of polar groups in the poled HCPP films (hetero charge) and the surface charge of ions (homo charge) stabilized each other, and had remained 20 days after poling. The low values of the surface potential in poled LCPP can be explained by that the dipole polarization is available in the regions with high crystallinity.
CONCLUSION
Both positive and negative corona poling was performed to polypropylene with high crystallinity (HCPP) films in the air. The surface potential of the films decreased 1-5 days after poling, but remained constant values after 5-20 days after poling. The temperature dependence curves of thermally stimulated depolarization current (TSDC) and pyroelectricity had a peak of hetero charge at 80-100 °C, and that of homo charge at 120-140 °C. Polypropylene films with low crystallinity (LCPP) had the temperature dependence of TSDC and pyroelectricity of polypropylene essentially same as those of HCPP. However, the absolute values of TSDC and pyroelectricity of LCPP were much lower than those of HCPP.
The surface potential of PP films poled under nitrogen gas was much lower than that of PP films poled in the air. The surface of the PP films poled in the air can be dissolved in THF and characterized by Fourier transform infrared spectrophotometry (FTIR), and gel permeation chromatography (GPC).
The results of FTIR and GPC showed that the polymer chains at the surface of HCPP films were oxidized into oligomers with polar groups such as COH, C=O, and C-O.
Considering the results of characterization of the surface regions which can be dissolved in THF, the peaks of hetero charge at 80-100 °C, and that of homo charge at 120-140 °C were assigned as the polarization of dipole moments of polar groups formed by poling, and that of space charge of ions created during poling process. The high stability of the surface charge can be explained by the mutual stabilization of dipole polarization and ion polarization. 
